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doi:10.1016/j.ejvs.2008.07.012Abstract Objectives: Modern guidelines for evaluation of leg ischemia in patients with
diabetes and foot ulcer recommend toe blood pressure (TBP) measurements rather than the
often unreliable ankle blood pressure (ABP). A drawback with TBP is the complicated measure-
ment procedure, unsuitable the outpatient clinic. The aim of this study was to evaluate the
validity of a new automatic TBP device (PresTo, Moor Instruments Ltd) developed for use
outside vascular laboratories.
Design: Cross-sectional comparative study.
Methods: Twenty-three legs in 16 consecutively included diabetic patients with PAD were
examined. TBP was measured three times with 2 min in-between. Three examiners read the
obtained graphs (nZ 69), which were analyzed for variability over time and between exam-
iners. These results were compared with those obtained from an automated TBP device.
Results: The mean TBP was 50.9 mm Hg (SD 10.9) when read by examiners compared to
56.4 mm Hg (SD 12.6) when automatically assessed. The 2-min variability was 4.9 mm Hg (SD)
for visual readings and 8.1 mm Hg for automatic measurements. The short, long term and exam-
iner dependent variability of visually read TBP ranged from 3.9 to 9.6% of the values. In patients
with TBP <45 mm Hg the difference between automatic and visual assessments was small.
Conclusion: The automatic TBP device is reliable for measuring low pressures and thus for exclu-
sion of critical limb ischemia in patients with diabetes. After algorithm adjustment the device’s
reliability appears to beacceptable in the entire spectrum ofTBP values. TBPappears to have less
inter and intraobserver variability than what is reported for ABP.
ª 2008 Published by Elsevier Ltd on behalf of European Society for Vascular Surgery.n, MD, Department of Surgery, Visby Hospital, SE-621 84 Visby, Sweden.
a.com (H.I. Pa˚hlsson).
lsevier Ltd on behalf of European Society for Vascular Surgery.
Table 1 Characteristics of the 16 patients included in the
study
Sex male/female n/n 13/3
Age (years) Mean/SD 71/5
Diabetes type I/II n/n 2/14
Hba1c Mean/SD 7.1/1.9
Smoker (current/non smoker > 1year) n 5
Diabetes treatment (diet/oral/insulin) n/n/n 2/0/14
PAD symptoms
Intermittent claudication n 7
Foot ulcer n 16
The values displayed are number, median and range.
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Diabetes mellitus is a growing health problem in the aging
population of the western world with prevalence figures
around 6e7%. In Canada, for instance, the age- and sex-
adjusted diabetes prevalence increased by 69% between
1995 and 2005.1 The incidence of vascular complications in
diabetic disease is high and affects several organ systems.2,3
One of the most feared complications by patients is foot
ulcers. It is also very costly for society. There are several
causes behind the development of this complication and its
progress to gangrene and amputation. The second most
important one after neuropathy is arterial insufficiency or
peripheral arterial disease (PAD).4 For screening of PAD blood
pressure measurements at ankle or toe levels are used.
Unfortunately these examinations are operator dependent
and often influenced by a high variability, especially if per-
formed outside specialised laboratories.5e7
To overcome such obstacles and simplify measurement
procedures, automatic devices have been developed. For
brachial blood pressure assessment reliable instruments
have been available for many years.8,9 Automated ankle
blood pressure (ABP) measurements appear to be more
difficult to accomplish, especially in the most clinically
relevant interval of 40e60 mm Hg.10,11 Moreover, in clinical
practice diabetic patients often have erroneously high ABP
due to media sclerosis.12 Consequently, there may be an
advantage in examining patients with diabetes at the toe
level where arteries are less affected by media sclerosis. A
prerequisite is that other sources of toe blood pressure (TBP)
variability are kept under control.13 Traditionally TBP
requires measurements in vascular laboratories, while only
ankle blood pressures can be measured in the clinic. To
simplify TBP examinations and make measurements possible
in clinics, offices and wards, an automatic measurement
device has been presented.14
The primary aim of this study was to evaluate the val-
idity of this automatic TBP device by comparing its algo-
rithm based Laser Doppler (LD) output signal assessment to
the standard procedure for TBP measurements of visual
readings of graphs.
Patients and Methods
Patients
Twenty-three legs in 16 consecutive diabetic patients with
PAD were included in the study. Inclusion criteria werehaving
ongoing, or a history of, foot ulcerations in at least one foot
and lack of palpable foot pulses. Patients were recruited at
the outpatient clinic at the Department of Endocrinology,
Metabolism and Diabetes, at Karolinska University Hospital,
(16 legs in 10 patients) and at the Department of Medicine,
Danderyd University Hospital (7 legs in 6 patients). Patient
characteristics are shown in Table 1.
Methods
Two identical automatic TBP devices (Moor Instruments Ltd,
PresTo v 2.0) were used, and calibrated against each other.
This device consists of three parts. The first is an optical LDfibre probe that is attached to the hallux toe pulp, emitting
near infrared light with a wavelength of 780 nm into the
tissue. The light is scattered by moving blood cells and
a detector registers the reflected portion. The LD signal is
proportional to the average Doppler frequency shift of the
scattered light and consists of the velocity multiplied by the
number of moving blood cells. The second part is an air pump
and air controlling system that is connected to a 2.5 cm wide
toe cuff, compressing the toe base during inflation. The third
component is the software that processes the signals from
the probe and air pressure units. A computer algorithm
calculates the blood pressure value (TBPaut), which is pre-
sented on a display at the front of the device. For this study
the LD and pressure signals were also recorded on a PC to
enable visual readings of TBP later. An example of a perfu-
sion-cuff pressure graph is presented in Figure 1.
Procedures
Two operators, one specially trained nurse and one vascular
laboratory technician, performed all examinations. These
persons were trained together to align procedures as much
as possible. Measurements were performed with patients in
supine position and with room temperature kept between
20 and 22 C. The toe circumference was measured and the
LD-probe was applied to the pulp of the hallux. Next, the
foot was warmed for 10 min with a heating blanket wrap-
ped round the foot. In 10 of the patients the skin temper-
ature was registered before and after the heating process
with a thermistor at the toe base (Digital Thermometer,
KM330, KaneeMay, Taiwan). The blanket was loosened
after warming to permit full visual inspection of the cuff
and LD-probe. TBP was measured three times with 2 min in-
between measurements, each individual TBP measurement
taking about 1 min.
All TBP graphs recorded were distributed, in a rando-
mised order, to three independent blinded examiners. They
visually assessed the graphs and read the resulting TBP
values from each graph at two separate occasions with
4 weeks in-between.
Analysis
The following analyses were performed:
 Averaging TBP values of six visual readings from each of
the three readers (18 readings for each leg) to provide
Figure 1 Screen print of an automatic toe blood pressure assessment graph. The upper half of the screen the skin perfusion
(Laser Doppler) and the lower part cuff pressure. This particular graph displays a biphasic curve pattern, and if the pressure is read
at he beginning of the first elevation of the Laser Doppler flux value the TBP is determined to be 104 mm Hg in contrast to 48 mm Hg
when determined at the final elevation.
578 H.I. Pa˚hlsson et al.a general description of the vascular status of the
cohort. Data on skin temperature was added to this
information.
 Assessment of the intra- and interobserver variability
for visual readings.
 A comparison of TBPaut and TBP by visual assessment of
the graphs.
 An assessment of the short-term variability of the
TBPaut by comparing the three separate recordings of
TBP (called the 2-min variability).
 A comparison of the correlation between the actual
TBP values (defined as the average of TBPaut and visu-
ally read BP) and the difference between TBPaut and
visual readings (a BlandeAltman plot15).0
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Figure 2 Variability (SD) of six visual TBP graph readings
correlated to the mean TBP in 69 examinations performed in 23
legs of diabetic patients with a history of foot ulcers without
palpable pulses. In one leg SD was remarkably high (encircled).Statistics
Groups were described using mean, median, standard
deviation (SD) and range (minemax). Changes within and
between the methods were compared using Student’s t-
test. A Bland-Altman plot was performed to expose
a possible relation between the difference between two
measurements and their mean value.15
Ethical Considerations
The local ethics committee approved the study.
Results
The mean TBP in the 23 legs, based on visual assessment of
the readings, was 50.9 mm Hg (minemax 22.4e95.7). The
skin temperature before heating was 29.4 C (minemax25.6e32.1 C) and after 33.4 C (minemax 29.8e36.6 C).
Accordingly, heating elevated the temperature by 3.9 C
(minemax 2.2e8.3).
The mean intraobserver variability of visually read TBP
was 2.3 mm Hg (SD 5.5 mm Hg) and the median 0.9 mm Hg
and the mean interobserver variability 3.6 mm Hg (SD 5.5),
with a median of 1.5 mm Hg. The variability of the six visual
readings performed on each graph correlated to the mean
TBP as presented in Figure 2.
The mean TBPaut in the 23 legs was 56.4 mm Hg (mine
max 20.5e92.2).
In the 23 legs in the study, the TBPaut values were
5.5 mm Hg (SD for the difference 12.6) higher than visually
read TBP. The corresponding median was 0.64 mm Hg.
The 2-min variability of TBPaut was 8.1 mm Hg (mean of
SD) or 5.0 mm Hg (median of SD). The corresponding data
when graphs were read visually were 4.9 and 4.1 mm Hg,
respectively. The first and the last of the three TBPaut
examinations did not differ significantly (pZ 0.36).
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average of the visual graph assessments the discrepancy
was lowest in the 25 examinations where the TBP was
<45 mm Hg. In this group mean TBPaut was 35.2 mm Hg, and
for visually read graphs 36.9 mm Hg. The SD for this
difference was 4.0 mm Hg. In the examinations with TBP
>45 mm Hg the mean TBPaut was 68.5 mm Hg, as compared
to manual assessment at 58.9 mm Hg (SD of the difference
being 19.2). The difference between automatically and
visually assessed TBP in patients with TBP <45 mm Hg
respectively >45 mm Hg was significant (pZ 0.005).Discussion
TBP measurements using strain gauge technique have been
found to have an interobserver variability of 3.5 mm Hg and
an intraobserver variability of 2.7 mm Hg. The day-to-day
variation is reported to be 10 mm Hg.5,16 In the present study,
using LD as blood flow detector the variability between TBP
measurements based on visually read perfusion graphs is
almost identical to what is reported for strain gauge.
A previous study has compared TBP values using photo-
pletysmography (PPG) and LD for flow detection and
observed a high variability with both methods. No correla-
tion was found between the magnitude of TBP values and
the variability.
Warming of the body and skin has influence on the TBP
value. Skin heating results in higher TBP values than non-
heating but it do not influence the variability between PPG
and LD.17 These findings contradict to earlier made studies
on body-heating and cooling where the measured TBP value
was lower after heating.18,19 It has been speculated if this
reaction could depend on lower resistance in the vascular
bed during body warming. Our group is currently studying
these questions.
In spite of meticulous control of influencing factors in
our study, the blinded visual readings of six of the graphs
had SDs >20 mm Hg for all examiners. Interestingly, all
were recorded in the same patient (Figure 2). Separate
analysis of these graphs revealed a biphasic curve pattern
(Figure 1). The same curve type was observed in the
recorded graphs from another patient with a high TBP, and
a tendency for it was found in nine additional examina-
tions. This pattern seemed to result in a higher inter- and
intra-observer variability. The lack of biphasic curves in the
lower pressure range indicates that the variability for TBP
values could be less in patients with low TBP. These group
of patients are important to identify as they could have
critical leg ischemia and may need urgent revascularization
in order to achieve ulcer healing and avoid amputation.
While uncertain why low TBP perfusion graphs don’t
display a biphasic curve pattern and less variability, it is
probable that these patients’ more deranged vascular bed
contributes. It is likely that the occurrence of this probable
cause for variability is lower with less sensitive flow
detection methods such as strain gauge and may be also
PPG. On the other hand, these methods partial dependence
of a pulsatile flow patterns for detection reduce their
sensitivity when measuring low TBPs.
Biphasic LD curves have previously been described in the
literature for reactive hyperaemia tests and have beenevaluated in humans and animal models.20e22 In the study
using an animal model this pattern was single shaped if the
vasculature not was obstructed, and the biphasic curve
appeared when an arterial stenosis was induced. The more
distal the site of the stenosis, the more prominent the
biphasic curve. A different kind of biphasic pattern was
observed in a human study where 80% of healthy controls
had a biphasic perfusion pattern during reactive hyper-
aemia. It was speculated that it could depend on a rapid
stretch of smooth muscles in arterioli resulting in vaso-
constriction.20 The occurrence of a biphasic pattern was
lower in patients with diabetes in this study, which was
interpreted as an effect of a decreased reactivity of the
vessel wall.20 Accordingly, a rather healthy vascular bed
with a preserved reactivity and a single stenosis can be the
explanation for this observation also in some or our
patients.
The accuracy of TBP measurements, performed by
detection of the return of the blood flow during slow
release of a pneumatic cuff from a supra systolic level,
relies on a clear definition of exactly when reestablishment
of blood flow occurs. Healthy subjects usually produce
a clear return of pulsatile blood flow that is easy to identify
when reading pressure curves. In patients with severe leg
ischemia, who often do not have a pulsatile reperfusion,
a rise in the LD flux value >20% over the value during
occlusion can be used to define the return of blood flow.
The software algorithm in the automatic device used in this
study cannot be described in detail but is based on several,
complimentary detection methods for return of perfusion.
It is clear that the automatic algorithm had the same
problem as the visual observers when dealing with the
problem of biphasic graphs. Graphs from one patient with
observer variability >20 mm Hg, displaying the most
prominent biphasic pattern of all, illustrate this. In this
particular patient the SD for the three examinations was
31.6 mm Hg when measured with the automated device.
It has been known since more than two decades ago that
TBP has an advantage over ABP in assessing PAD and in
patients with diabetes having stiff ankle arteries reliance
on ABP only is discouraged.23,24 Considering the growth of
the diabetic population and their risk for developing foot
ulcers, an easily handled device for screening of PAD using
TBP would be welcome. The findings in this study support
the use of the automated device with some caution. It
appears to work well at present where it is most clinically
needed, i.e. for exclusion of severe PAD. Fortunately,
common cut-off values used in clinical practice to identify
candidates for referral and rapid revascularization are in
the range between 30 and 45 mm Hg.25,26
For patients with higher TBP levels the algorithm used in
the study is unreliable and needs to be improved. The
observation of the biphasic curve enabled modification to
avoid errors during measurements when this occurs. We
proposed that a non-pulsatile rise of perfusion occurring
when the cuff pressure is still above 45 mm Hg is unlikely to
represent the true TBP value. Adding this to the algorithm
appeared to abolish the biphasic problem. Data from the 66
examinations (three were not possible to process for
technical reasons) included in the study reduced the
difference compared with visual reading to 2.9 mm Hg
from the 5.9 mm Hg that was found in the main study
Figure 3 Results of 69 TBP measurements in patients with
diabetes and foot ulcers, assessed by two different automatic
algorithms and visual readings of the graphs (B original algo-
rithm, - upgraded version of automatic algorithm, and :
visual readings).
580 H.I. Pa˚hlsson et al.(Figure 3). The variability also appeared to improve after
this change (SD from 16.9 to 8.9).
Conclusion
An automated simple TBP device is reliable for identifying
diabetic patients with critical limb ischemia, i.e. in
patients with a TBP <45 mm Hg. The short-, long term and
examiner dependent variability of visually read TBP ranges
from 3.9 to 9.6% of the recorded value, which is lower than
for ABP.
One problem that seems to account for the high vari-
ability in TBP measurements in the using Laser Doppler is
biphasic curve patterns. Modifying the automated TBP
device to adjust for this could expand the usefulness of
automated TBP measurements to the entire TBP spectrum.
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